Keywords: loudspeaker enclosure, modal analysis, finite elements method. Abstract The object of the present work is to make a contribution to the quantification of the vibration behavior of the walls of two loudspeaker prototypes mounted in closed boxes, made of different materials. Using the finite elements method, a coupled fluid-structure numerical model of a loudspeaker-box system was implemented. The numerical model was calibrated from the experimental results obtained on a real model by means of modal analysis, vibration and pressure measurements. The conclusion is that the sonorous response of the system is affected by the vibration behavior of the box and its material.
INTRODUCTION
In a sound system, the loudspeaker or transductor transforms the electrical waves into mechanical energy, and then the mechanical energy into acoustic energy via the diaphragm. When the diaphragm of a loudspeaker begins to move, it works like a piston at low frequencies, creating a pressure field in the air inside and outside the speaker cabinet. At certain frequencies, the interior air can begin to resonate, creating a series of stationary waves that follow a specific vibration patterns [5] . The walls of the cabinet are not infinitely rigid and can vibrate for two basic reasons: the pressure generated inside can cause a forced vibration or excite resonance of the cabinet walls. Secondly, a loudspeaker that is mounted on one of its walls directly transmits vibration to the cabinet, also causing forced vibration of the walls or exciting resonance within them [7] [8] . The principal elements of the system; interior air, cabinet and exterior air constitute a totally coupled unit whose behavior determines the sound transmission to the exterior. The problems associated with designing sound broadcasting systems, such as a closed box loudspeaker, are often tackled using circuits with electromechanics-acoustic analogues [9] , [10] . However, these types of models cannot consider the collective effect of the high order modes of the basic elements of the system: loudspeaker, cabinet, interior and exterior air [12] , [3] . In this work, we present a numerical model which considers the real geometry of the system and its principal dynamic characteristics, such as rigidity, mass and damping capacity, in a spatial way. The numerical model was used to parametrically study the influence of the material used in the cabinet on the vibration and acoustic response of the system as a whole. The Finite Element method has been used successfully in various research works, [2] , [11] , [6] , [1] , to study the speaker cone or the resonance in the air inside the cabinet. Other research works, [3] , [4] , have highlighted the suitability of the Finite Element Method when compared with other methods, such as the Boundary Element Method, or the Finite Differences Method for studying problems associated with these types of fluid-structure coupled systems in acoustics at low frequencies.
DEVELOPMENT
For the enclosed cabinet models, we used two boxes of identical dimensions, one made of medium density fiber (MDF) sheets, and one of Polymethylmethacrylate (PMMA). Figure  1 shows the dimensions of the models used in the experiments, as well as an image of the MDF cabinet. The choice of two different materials with the same dimensions of internal cavity allowed a comparison of the results obtained from each experiment, highlighting the influence of each material on the vibro-acoustic behavior of the system, independently of the internal air resonance. The materials were characterized experimentally. Free boundary conditions were used for the models because these conditions are easy to reproduce in the finite element numerical models, and the same conditions were used for all measurements and experimental procedures. We chose to support the models with a low Young module support, in concrete with a foam textile material.
EXPERIMENTAL PROCEDURE
In order to achieve the objectives proposed, we took a series of experimental measurements from closed box loudspeaker models. In the experimental phase we studied the vibration behavior of the walls of the structure using modal analysis and vibration measurements, and the sound response of the coupled system using measurements of pressure and acoustic intensity. 
where (Hz) are the frequencies of the vibration modes of the interior air, l x , l y , l z (m) are the dimensions of the cabinet in the directions x, y, z respectively, and n x , n y , n z can take the values 0,1,2…etc. and define the number of the mode. Table 2 Experimental results from the modal analysis and vibration velocity. Figure 3 shows the results of the sound intensity measurements where we can see that the contribution of the front walls is similar for both materials, while the contribution of the side and rear walls to the sound transmission is greater with the MDF than with the PMMA.
To summarize, the experimental results show that the first modes of the boxes are to be found in the frequency interval 0-200 Hz. From 200 to 1000 Hz the first interior air modes appear, and from 1000 Hz the modal density increases and the loudspeaker ceases to function like a piston. We can conclude that from 0 to 200 Hz, the signal becomes "colored", principally due to the vibration modes of the enclosure, given that the first vibration mode is to be found at 245 Hz. 
FINITE ELEMENT NUMERICAL MODEL
Based on experimental results, two finite element numerical models were used. One was a three-dimensional model with fluid-structure coupling between the box, the piston and the air inside the box. This model was used to focus on the vibration behavior of the box at low frequency, from 0 to 200 Hz. The other was a two-dimensional model with fluid structure coupling between the box, the piston and both interior air and exterior air. This model was designed to discover the effect that the box and resonance in the interior air has on the sound pressure transmitted by the system in the band of frequencies between 0 and 1000 Hz. Figure 4 shows the finite element numerical model matrix. Figure 4a shows the three-dimensional model with the following elements: the enclosure, diaphragm or piston, elastic band around the piston acting as a compliance and the internal air of the box. Figure 4b shows the two-dimensional model which, as well as the elements shown in 4a, also shows the air exterior to the box limited by an infinite acoustic absorption boundary. To simulate the movement of the cone, a harmonic force was applied to the center of the membrane that constitutes the diaphragm of the loudspeaker. Around this membrane, we placed in both models a ring of elastic material in order to study the effect of the compliance of the loudspeaker. In the absence of fluid acoustics, the equation for the harmonic problem is the following:
where [ ] is the matrix of the mass of the structure,
C is the damping matrix of the structure, is the matrix of the structure's rigidity,
are the exterior forces applied to the structure and { } * u is the nodal displacement vector which constitutes the unknowns in the equation. The displacements in the structure cause the pressures in the fluid and vice versa. The equations which govern the coupling between the fluid and the structure possess the two degrees of freedom, displacements and pressures, which will be common in the interphase of both. If we add the forces due the pressure of the fluid in the interphase to the movement equation of the structure, we obtain:
where { } (t) f pres is a vector which represents the pressure load due to the fluid of the interphase.
In the equation for the movement of the fluid, the coupling matrix [ appears, whose function is the coupling in the interphase between fluid and structure.
where [ ] 
Equations (3) y (4) are written in just one equation, and taking into account relation (5), we obtain the following equation which governs the behavior of the fluid-structure coupled system [13] :
The numerical model was calibrated from the experimental data. Figure 5 shows the comparison between the level of real and simulated sound pressure from the numerical model for both cabinet materials, MDF and PMMA. Once the model was calibrated, we carried out a parametric analysis with the aim of studying the influence of the cabinet materials characteristics on the vibro-acoustics of the system. Figure 7a shows the simulation results of the effect that the Young's module of the material has on the sound pressure transmitted by the system. Figure 7b shows the simulation results of the effect that the variation in density of the enclosure material has on the sound pressure transmitted by the system. 
CONCLUSIONS
In general, the vibro-acoustic behavior of the system depends, in great part, on the dimensions and geometry of the structure. These factors condition the dynamic behavior of the walls of the enclosure and of the interior air. It is reccommendable to carry out a predesign in order to separate, in the same range of frequencies, the structural resonances of the walls from the resonances of the interior cavity air, to avoid coupling between the two can take place. It is the first vibration modes of the cabinet that most influence the sonorous response of the system at low frequencies. As we increase the mode number with the frequency, the modal shapes shows a minor vibrating surface in phase, meaning that its contribution to the sound field of the system also diminishes. The results of the parametric study carried out using the numerical models show the importance of the material of the cabinet in the sonorous response of the system: -The variations in the density of the material from which the cabinet is made influences the sonorous response of the coupled system at low frequencies, where resonance in the walls of the structure are more important. From 500-600 Hz onwards, the signal stabilizes and the density of the material loses its influence on the sound pressure level of the system. -The variations in the Young model of the cabinet material also have a marked influence on the sonorous response of the system at low frequencies, due to resonance in the structure. The same as occurred with density, from 500Hz onwards, the contribution of resonance in the cabinet loses relevance in the face of the forced vibrations due to stationary waves. The study of vibrations in the walls of the cabinet with the variation of the Young moduli indicates that on increasing this module, the resonance frequencies of the structure also increase. Thus, we can conclude that the variation in rigidity of the structure, as the rigidity of the material increases or when supporting bars are used, does not eliminate resonance in the cabinet but rather displaces them in frequency. These results agree with the results of research carried out by Bastar, K.J. y Capone, D.E. [1] .
